Abstract Anticoagulation remains the cornerstone of treatment in patients with deep vein thrombosis (DVT). While parenteral anticoagulants and oral vitamin K antagonists (e.g., warfarin) have been used for many decades, the recent development of novel oral anticoagulants have provided clinicians with an expanding set of therapeutic options for DVT. This review summarizes the pharmacology and clinical trial results of these new oral anticoagulants. Several practical considerations to the use of these oral anticoagulants including issues related to adherence, monitoring, and reversal are also discussed.
Introduction
Deep venous thrombosis (DVT) is common and occurs in 1 adult per 1000 each year, increasing to 7 adults per 1000 per year past age 75 [1] [2] [3] . It is an expensive disease to treat, estimated to cost between $7.5 to $39 billion per year in the US alone [4] . DVT is also associated with post-thrombotic syndrome (PTS), which occurs in 20-60 % of patients with prior DVT, increases the cost of treatment by up to 75 %, and greatly diminishes quality of life [5] [6] [7] [8] [9] . Death occurs in approximately 6 % of patients within one month of diagnosis, primarily due to association with pulmonary embolism (PE) [3] . DVT and PE, together termed venous thromboembolic events (VTE), are the third most common cause of vascular death after myocardial infarction and stroke [1] . The timely and effective treatment of DVT decreases the rates of these complications [5, 6] .
As one approach, the treatment of DVT may be divided into three general phases: an acute phase, a long-term phase, and an extended phase [10] . In the acute phase, parenteral anticoagulants such as heparinoids or fondaparinux have traditionally been used for rapid anticoagulation. For more than 50 years, vitamin K antagonists (e.g., warfarin, titrated to an INR goal of 2-3) are often then initiated for the long-term and extended treatment phases although in some cases, such as cancer-associated DVT, at least three months of monotherapy with low-molecular weight heparins (LMWHs) may be preferred. While used extensively, warfarin has numerous potential limitations. These include a slow onset and offset of anticoagulation, a narrow therapeutic window, unpredictable pharmacokinetics with significant food and drug interactions, and the requirement for regular monitoring and doseadjustments [11] [12] [13] .
The novel oral anticoagulants (NOACs) have advantages over warfarin in many of these respects, including more predictable pharmacokinetics which eliminate the need for routine monitoring, a rapid onset of action and shorter halflife, and fewer drug and food interactions [10, 14, 15 ••, 16 ••]. The NOACs that are either approved or in late stage development include the direct factor Xa inhibitors, rivaroxaban, apixaban, and edoxaban, as well as the direct thrombin inhibitor dabigatran. Of these, rivaroxaban is currently the only NOAC currently FDA-approved for the treatment of DVT, having been approved for this indication in November 2012. Rivaroxaban is also approved for VTE prevention following total knee and total hip arthroplasty and in stroke prevention in atrial fibrillation. Dabigatran and apixaban are both approved in the United States for the single indication of stroke prevention in atrial fibrillation, though approval for DVT treatment is being sought for dabigatran in the United States.
To date, several large, multicenter studies have been conducted examining each of these drugs (rivaroxaban, dabigatran, apixaban, and edoxaban) for the acute and/or extended treatment of DVT. The pharmacology and key clinical trials for these drugs will be discussed below.
Rivaroxaban
Rivaroxaban is an oral direct factor Xa inhibitor (Table 1) . It reaches maximum plasma concentration and anticoagulation effect 2-4 hours after administration with a half-life of 7-13 hours. Of a given dose of rivaroxaban, approximately one third is cleared unchanged by the kidneys, one-third is excreted by the kidneys as inactive metabolites, and the remaining onethird is metabolized by the liver. The influence of renal dysfunction, even when severe, on rivaroxaban clearance is only minimal to moderate, with area under the concentration curve (AUC) increases of 1.44, 1.52, and 1.64 in patients with mild (CrCl 50 -80 mL/min), moderate (CrCl 30 -49 mL/min), and severe (CrCl<15 mL/min) renal impairment, respectively [17] . Nevertheless, in accordance with the manufacturer's guidelines, rivaroxaban is not recommended for DVT patients with an estimated creatinine clearance<30 mL/min. In contrast, advanced liver disease (e.g., Child-Pugh class B and C) is associated with significant increases in the AUC and, accordingly, is a contraindication to rivaroxaban use [14] .
While rivaroxaban has far fewer drug-drug interactions than warfarin, there are several that clinicians should be aware of. These interactions are related primarily to concomitant use of CYP3A4 and P-glycoprotein (P-gp) inducers and/or inhibitors [14] . For example, co-administration of rivaroxaban with strong CYP3A4 and P-gp inducers (e.g., rifampin, phenytoin) may decrease rivaroxaban exposure up to 50 %, potentially also reducing systemic anticoagulation and thus, rivaroxaban's efficacy. As such, rivaroxaban use in patients who are also taking strong CYP3A4 and P-gp inducers, including rifampin, phenytoin, carbamazepine, and St. John's wort, should be avoided. Drugs that are weak or moderate inhibitors of CYP3A4 and P-gp, such as the azole antifungals, the HIV protease inhibitors, and rifampin, increase rivaroxaban exposure. Rivaroxaban should be avoided in patients who are concomitantly taking these agents, particularly if these patients also have renal dysfunction, which may synergistically increase rivaroxaban exposure and the associated risk of bleeding. Drugs which inhibit or induce only CYP3A4 or P-gp (e.g., diltiazem) have not been associated with clinically significant increases in total rivaroxaban exposure and may be safely used, although clinical prudence is still warranted.
EINSTEIN-DVT was the major phase III trial evaluating rivaroxaban for the treatment of DVT (Table 2 ). EINSTEIN-DVT was an open-label, randomized, event-driven, noninferiority study comparing rivaroxaban alone to enoxaparin followed by a vitamin K antagonist (LMWH-VKA, adjusted to achieve an INR goal of 2-3) in 3449 patients with acute, symptomatic DVT [18] . Rivaroxaban was initially dosed at 15 mg twice daily for three weeks followed by 20 mg once daily thereafter. The primary outcome was recurrent VTE and the principal safety outcome was major or clinically relevant non-major bleeding. Patients with concurrent PE were excluded, and were instead evaluated in the EINSTEIN-PE study. In EINSTEIN-DVT, the non-inferiority endpoint was met. Recurrent VTE occurred in 2.1 % of patients receiving rivaroxaban (36 events) and in 3.0 % of patients receiving Rates of major or clinically relevant non-major bleeding were equal between the two treatment arms (8.1 % in each arm). Other adverse events, such as increased liver function tests, vascular events, and dyspepsia, were similar between the two groups. A secondary outcome of net clinical benefit, defined as recurrent VTE plus major bleeding, favored rivaroxaban (2.9 % versus 4.2 %, p=0.03). Safety and efficacy outcomes were similar for subgroups of age, gender, weight, and renal function. The EINSTEIN-Extension study was a double-blind, randomized, event-driven, superiority study that evaluated rivaroxaban 20 mg once daily versus placebo for extended anticoagulation (Table 3 ). Patients were treated for an additional 6 or 12 months after completing treatment for at least 6 months in the EINSTEIN-DVT study [18] . The median duration of treatment was 264 days for rivaroxaban and 265 days for placebo. The primary efficacy outcome was recurrent VTE, as in EINSTEIN-DVT, and the primary safety outcome was major bleeding. Recurrent VTE occurred less commonly in patients receiving rivaroxaban (1.8 % vs. 7.1 %, HR: 0.18; 95 % CI 0.09 to 0.39; p<0.001). Nonfatal major bleeding occurred in 0.7 % of patients in the rivaroxaban arm (n=4 patients) and zero patients in the placebo arm, but this did not meet statistical significance (p=0.11).
Dabigatran
Dabigatran etexilate is an oral direct thrombin inhibitor (Table 1) . Dabigatran is administered as a pro-drug and reaches peak anticoagulant effect approximately 1-3 hours after ingestion [19] . The half-life of dabigatran is 12-14 hours in patients with normal renal function. Dabigatran undergoes approximately 80 % renal clearance, and the average half-life of dabigatran increases progressively to 15.3 hours, 18.4 hours, and 27.2 hours in patients with mild (CrCl 50 -80 mL/min), moderate (CrCl 30 -49 mL/min), and severe (CrCl<15 mL/min) renal insufficiency, respectively. For patients in the United States, the current FDA-approved dose of dabigatran for AF (e.g., 150 mg BID) should be reduced to 75 mg BID if the creatinine clearance is 15-30 mL/min. Dabigatran should be avoided in patients with a creatinine clearance<15 mL/min. In patients with class Child Pugh B hepatic impairment, the AUC of dabigatran does not change relative compared to healthy control subjects. Nevertheless, patients with elevated liver enzymes were generally excluded in clinical trials of dabigatran.
Dabigatran's major drug interactions are solely related to concomitant use of P-gp inducers and inhibitors. The pro-drug of dabigatran, but not its active metabolite, is a substrate for Pgp. Thus, the absorption of the pro-drug can be significantly altered by the co-administration of medications that are P-gp inducers or inhibitors. For example, rifampin, a strong P-gp inducer, decreases the AUC of dabigatran by approximately 66 %. Separation of the rifampin and dabigatran dosing is unlikely to significantly reduce this interaction. Rifampin is currently the only drug in the United States with an absolute contraindication to concomitant dabigatran use. Caution should also be exercised with concomitant use of other, more moderate P-gp inducers, such as St. John's wort and carbamazepine. P-gp inhibitors, including amiodarone, ketoconazole, quinidine, verapamil, clopidogrel, and dronedarone, increase the AUC of dabigatran anywhere from 50 to >200 %. Immediate-release verapamil, given 1 hour prior to dabigatran, had the largest effect (243 %). Administering dabigatran 2 hours prior to verapamil, however, eliminated this interaction. Taken together, these studies suggest that in in patients taking concomitant P-gp inducers or inhibitors, clinical prudence with dabigatran prescription is warranted. If unfamiliar with these potential drug interactions, providers should consult the package insert, clinical guidelines, and/or seek expert consultation from anticoagulation providers. While dabigatran is currently only FDA-approved for patients with non-valvular AF, dabigatran may eventually be approved for the treatment of DVT and thus a brief review of the clinical trials is warranted. RE-COVER was a randomized, double-blind, non-inferiority study evaluating dabigatran for the treatment of acute DVT and/or PE [20] . In contrast to the EINSTEIN studies, patients in RE-COVER (n=2564 patients) were initially treated with a minimum of 5 days (median 9 days, interquartile range 8-11 days) of heparin and then randomized in double-blind, doubledummy fashion to dabigatran 150 mg twice daily or warfarin titrated to an INR of 2-3. The primary outcome in RE-COVER was the 6-month incidence of recurrent, symptomatic VTE and VTE-related death. Overall, the RE-COVER study demonstrated that dabigatran was non-inferior to warfarin for the acute treatment of VTE (p<0.001). The 6-month incidence of recurrent VTE and VTE-related deaths occurred in 2.4 % of the dabigatran group and 2.1 % of the warfarin group. Rates of adverse events, including major bleeding, acute coronary syndrome, and abnormal liver function tests, were similar between dabigatran and warfarin treated groups. Minor bleeding was decreased in the dabigatran arm compared to warfarin (hazard ratio 0.71, 95 % CI [0.59 to 0.85]), but dyspepsia and all-cause drug discontinuation was higher in patients treated with dabigatran (2.9 % versus 0.6 %, p<0.001 and 7.9 % versus 6.5 %, p=0.05, respectively).
Following completion of RE-COVER, a replica study (RE-COVER II) was completed given the low rate of recurrent VTE in RE-COVER. RE-COVER II was a double-blind, double-dummy, non-inferiority study treating 2568 patients with acute VTE [21] . The design was similar to RE-COVER in that all patients were initially treated with heparin for 5-11 days and then randomized to either dabigatran 150 mg twice daily or dose-adjusted warfarin (INR 2-3). Patients were treated for 6 months and followed for the primary outcome of recurrent, symptomatic VTE. The overall results confirmed the non-inferiority of dabigatran for the treatment of acute VTE.
RE-MEDY and RE-SONATE examined the efficacy and safety of extended treatment with dabigatran 150 mg twice daily for VTE patients [22] . Both studies enrolled patients who had received ≥3 months of anticoagulation treatment for VTE. In RE-MEDY, an active-control study comparing dabigatran to adjusted dose warfarin, recurrent VTE occurred in 1.8 % of patients receiving dabigatran and 1.3 % of patients receiving warfarin (p=0.01 for the pre-specified endpoint of noninferiority). Major bleeding was less common in dabigatrantreated patients (0.9 % versus 1.8 %, p=0.06). Major bleeding plus clinically relevant bleeding was significantly lower with dabigatran (5.6 % of versus 10.2 %, p<0.001). Similarly, any bleeding was lower with dabigatran (19.4 % versus 26.2 %, p < 0.001). Rates for ACS were higher in dabigatran-treated patients, at 0.9 % versus 0.2 % for warfarin (p=0.02). In RE-SONATE, the placebo-control study, recurrent VTE was lower with dabigatran (0.4 % versus 5.6 %, p < 0.001). Rates of major bleeding were similar between the two groups (0.3 % versus 0 %), while major plus clinically relevant bleeding was increased for dabigatran (5.3 % versus 1.8 %). Rates for ACS were equal between the two arms, occurring in only one patient each.
Apixaban
Apixaban is an oral direct, reversible factor Xa inhibitor.
While not yet FDA-approved for the treatment of DVT, a brief review of the pharmacology and clinical trials for apixaban is provided here. Apixaban is rapidly absorbed, reaching maximum plasma concentrations about 3-4 hours after ingestion, and has a half-life of approximately 8-15 hours in healthy subjects. Approximately 25 % of apixaban is excreted by the kidneys and 75 % through the hepatobiliary system [14] . Although apixaban has not been well-studied in patients with DVT and a CrCl less than 25 mL/min [14] , clinical correlates may be drawn from the AVEROES study, a trial comparing apixaban to aspirin in patients with atrial fibrillation. In this trial, patients having two out of the three criteria (weight<60 kg, age≥80, or serum creatinine>1.5 mg/ dL) were given a 50 % lower dose of apixaban (2.5 mg twice daily rather than 5 mg twice daily) [23] . Recommendations on dose adjustment for DVT patients with renal impairment may accompany FDA-approval. Hepatic impairment associated with coagulopathy or other conditions that may substantially increase a patient's bleeding risk (e.g., esophageal varices) is a contraindication for apixaban use. Caution is advised for patients with Child Pugh class A and B liver disease. Major drug interactions stem primarily from interactions with both CYP3A4 and P-gp, similar to those described above for rivaroxaban. The AMPLIFY trial was a randomized, double-blind, noninferiority study comparing apixaban (10 mg twice daily for 7 days followed by 5 mg twice daily for 6 months) against standard therapy (enoxaparin followed by adjusted dose warfarin) in patients with acute DVT or PE [24] . The primary efficacy outcome was recurrent VTE or VTE-related death and the primary safety outcomes were major bleeding and major plus clinically relevant non-major bleeding. Apixaban was non-inferior to standard therapy (2.3 % vs. 2.7 %, respectively; p<0.001 for non-inferiority). Major bleeding and the composite of major bleeding plus clinically relevant nonmajor bleeding were significantly lower with apixaban (0.6 % vs. 1.8 % and 4.3 % vs. 9.7 %, respectively; p< 0.001 for superiority for both comparisons).
In the AMPLIFY-EXT trial, apixaban was studied for the extended treatment of VTE [25] . Patients (n=2486) were initially treated for 6-12 months following acute VTE with either apixaban or warfarin (in the AMPLIFY study) and were then randomized in a 1:1:1 ratio to one of two doses of apixaban (either 5 mg twice daily or 2.5 mg twice daily) or placebo. Treatment was administered for 12 months. Recurrent VTE or VTE-related death, the primary efficacy outcome, occurred in 1.7 % of patients who received apixaban 2.5 mg, 1.7 % of patients who received apixaban 5 mg, and 8.8 % of patients who received placebo (p<0.001 for superiority). Major and clinically relevant non-major bleeding rates were similar across all arms.
Edoxaban
Edoxaban is an oral direct Xa inhibitor currently in late-stage development. While results have not yet been reported, the HOKUSAI-VTE study (NCT00986154) is a randomized, double-blind, non-inferiority trial comparing edoxaban 60 mg once daily to warfarin in patients with acute, symptomatic DVT and/or PE [26] . All patients initially receive parenteral treatment with LMWH. The primary efficacy outcome is the incidence of symptomatic recurrent VTE and the principal safety outcome is clinically relevant bleeding (major or non-major) occurring during or within 3 days of stopping study treatment. One unique aspect of the HOKUSAI-VTE study design is that treatment duration (with either edoxaban or warfarin) may vary between 3 and 12 months, at the treating provider's discretion. This design was chosen to better mimic clinical practice. All patients will be followed for 12 months and will be included in the primary efficacy analysis, regardless of the duration of therapy chosen. HOKUSAI-VTE has just completed enrollment and results are expected in late 2013 or 2014.
Practical Considerations for NOAC Use in the Treatment of DVT
Taken together, these clinical trial results represent an exciting time in the field of DVT treatment. While only one NOAC is currently FDA-approved for the treatment of DVT (rivaroxaban), FDA-approval is being sought for both dabigatran and apixaban. The developers of edoxaban will likely follow similar suit. Thus, it is anticipated that within a year or two providers may have several NOACs approved for the treatment of DVT. Understanding the practical aspects of choosing an anticoagulant in patients with DVT will be critical for the safe use of these novel agents. While a comprehensive discussion of the advantages and disadvantages of these agents is beyond the scope of the current article, we have identified several key aspects below related to patient selection that should be considered when using the NOACs in routine clinical practice. A discussion of other issues related to NOAC use, such as monitoring and reversal, is beyond the scope of this article and the reader is referred to several recent reviews [13, 16••, 27, 28, 29•, 30•, 31] .
Patient Selection
Taken together, the large, phase III clinical trial results described above are encouraging and have led to the approval of novel anticoagulation therapies for patients with DVT. These agents certainly herald a new era in anticoagulation management and, for many patients and providers, may be preferred to warfarin or parenteral anticoagulation. Nevertheless, until phase IV studies are completed, we should be cognizant that clinical trial participants may not be truly representative of patients we encounter in routine clinical practice. For example, patients with advanced age, with active cancer, at extremes of body weight, with significant renal or hepatic disease, and those on concomitant therapy with CYP3A4 and p-gp inhibitors or inducers were generally underrepresented or overtly excluded in the clinical trials [16••, 32, 33] . As such, until further post-marketing data is available, clinicians may be prudent to approach the use of NOACs in these more complicated patients with some caution.
One group of patients that deserve brief discussion is the elderly. The incidence of deep vein thrombosis (without or without PU) rises exponentially in older adults [1, 3, [34] [35] [36] [37] . Older patients are also more likely to have comorbid conditions (e.g., renal impairment, cancer, the use of CYP3A4 or P-gp inhibitors/inducers) and a higher risk of bleeding. As the average age of patients in EINSTEIN-DVT, AMPLIFY, and RE-COVER ranged from 54-57 years [18, 20, 24] , the relative safety and efficacy of these NOACs in the elderly remains incompletely examined. Although sub-group analyses of the clinical trials studying NOACs in AF suggests that these agents may be effective and safe across ages in AF [38] , until more data are available, the use of NOACs in older adults with DVT should be done prudently. In all patients, a discussion of treatment options (including the advantages and disadvantages of either warfarin or a NOAC), estimation of bleeding risk, regular follow-up for assessment of side effects, interval monitoring of renal function, and continued patient education has been recommended [32, 33] .
Patient adherence to anticoagulant treatment, regardless of whether warfarin or NOACs are prescribed, is important to assess. While the NOACs are a fixed dose and thus may simplify medications regimens and improve adherence, missed or skipped doses of NOACs may place patients at risk for sub-therapeutic anticoagulation and an increased risk of recurrent VTE. Moreover, because of their shorter half-life, missing a NOAC dose may result in a higher risk of recurrent thrombosis than missing a dose of warfarin. As such, patient compliance to medication regimens should be closely evaluated both at drug initiation and at regular intervals during the treatment course [32] .
Conclusion
Deep venous thrombosis is a common and costly disease and NOACs provide alternatives to traditional therapy with warfarin and parenteral anticoagulants. While the pharmacology and clinical trial results of NOACs in patients with DVT are encouraging, careful patient selection is paramount when using these new agents. Assessment of an individual patient's risk for drug accumulation, bleeding, interacting medications, and compliance is important for the prudent and safe use of the NOACs in routine clinical practice.
